Objective: Barrier function of coronary endothelium becomes disturbed by ischemia-reperfusion. We investigated the mechanism of reperfusion-induced endothelial gap formation in monolayers of cultured endothelial cells (CEC) of the rat, exposed to simulated ischemia or without glucose (2.5 mM), (c) in presence of NaCN (2 mM), (d) with Ca (10 mM) or BAPTA /AM (25 mM), (e) in the presence of 21 myosin light chain kinase inhibitors ML-7 (5 mM) or wortmannin (1 mM). Results: During anoxia, CEC developed cytosolic Ca overload which was not reversed during 30 min reoxygenation. Intercellular gap formation started during anoxia, but was increased during reoxygenation. Reoxygenation-related gap formation was largest in presence of glucose, lower when glucose was withdrawn or NaCN was added. Presence of ML-7 or wortmannin also reduced gap formation during reoxygenation. Conclusions: Reoxygenation induces gap 21 formation. This is dependent on (i) Ca overload during reoxygenation, (ii) energy production and (iii) activation of myosin light chain kinase. Together these results indicate that activation of the endothelial contractile machinery is the underlying cause.
. Introduction
ischemic metabolites from cardiomyocytes, or intrinsic, i.e., caused by the metabolic disturbance of the endothelial In the ischemic-reperfused heart endothelial permeabilicells themselves. In the present study we focused on causes ty is increased, causing edematous swelling of the reintrinsic to endothelial cells. perfused tissue [1, 2] . Endothelial barrier function is imAs an experimental model we used cultured monolayers paired due to the opening of intercellular gaps [3] . A rapid of microvascular coronary endothelial cells to study basic postischemic swelling of myocardium is also observed in elements of the endothelial permeability response to saline-perfused hearts [4, 5] . This indicates that endothelial conditions of simulated ischemia and reperfusion. Previous permeability in reperfused hearts is due, at least in part, to studies showed that loss of barrier function of endothelial a mechanism independent of leukocytes or other blood cells can be due to activation of the endothelial contractile elements. Causes which contribute to the increase in machinery [1] . Contractile elements of endothelial cells endothelial permeability specifically under reperfusion are, like those of smooth muscle cells, controlled by the conditions may be extrinsic to the endothelial cells, such as phosphorylation state of myosin light chains (MLC) [6, 7] .
Loss of endothelial barrier function may, therefore, be due to activation of MLC kinase, which represents an energy
The review process and the Editorial decision was the responsibility and Ca -dependent process [8] [9] [10] to 250-g male Wistar rats and grown in culture as modified Hepes buffer containing either 3 mM Ca or 5 previously described [13, 14] . Briefly, hearts were perfused mM EGTA to obtain the maximum (R ) and the max with collagenase, chopped, and dispersed into a suspenminimum (R ) of the ratio of fluorescence (R), respecmin 21 sion. From this suspension, the fraction of endothelial cells tively. [Ca ] was calculated according to the equation i 6 was purified. Cells were plated at a density of 10 cells on 21 100-mm plastic petri dishes. Cells were cultured at 37
in medium 199 with Earle's salt, supplemented with 100 with use of the dissociation constant (K ) of fura 2 d IU / ml penicillin G, 100 mg / ml streptomycin, and 20% determined in intact cells [10] ; b is the ratio of the 380-nm (v / v) FCS. Medium was changed every second day.
excitation signals of ionomycin-treated cells at 5 mM Confluent cultures of primary endothelial cells were 21 EGTA and at 3 mM Ca . Simultaneously to the measuretrypsinized in PBS [composed of (in mM) 137 NaCl, 2.7 ment of the fura-2 ratio, intercellular gap formation was KCl, 1.5 KH PO , at pH 7.4, supplemented with 0.05% 2 4 quantified by planimetric analysis of the fluorescence (w / v) trypsin and 0.02% (w / v) EDTA], and seeded at a 21 4 2 images (each 327 680 pixels) obtained at the Ca -indensity of 7310 cells / cm on glass coverslips. Experidependent 360 nm excitation wavelength. Images were ments were performed with confluent monolayers, 3 days binarized by an automatic recognition program which sets after seeding.
the fluorescent areas of cells to 1 and cell-free nonfluorescent areas to 0. For each image the number of pixels 2 .2. Experimental protocol with assignment of 0 was determined. Typically, normoxic control images contained 6000-8000 0-pixels, images Endothelial cells on glass cover slips were introduced taken after 40 min anoxia 45 000-55 000 0-pixels. In each into a perfusion chamber (1 ml filling volume) and were experiment the normoxic control value of 0-pixels was superfused at a flow rate of 0.5 ml / min with a modified counted as 0%, the endanoxic value as 100% gap formaHepes buffer (containing in mmol / l: 140.0 NaCl, 2.6 KCl, tion. Changes in reoxygenation were expressed relative to 1.2 KH PO , 1.2 MgSO , 1.3 CaCl , 2.5 glucose and 25.0 2 4 4 2 this scale. Experiments (,5% of cases) in which inHepes). pH was 7.4 or 6.4 at 30 8C. Normoxic medium dividual cells were lost from the visual field during was equilibrated with air. The anoxic medium was incubations, were not included in the analysis. glucose-free and equilibrated before and during experiments with 100% N . pO in anoxic medium was less than 2 2
22 mPa as determined with resazurin [15] . Anoxic and 2 .4. Materials normoxic media were serum-free. The medium was transferred into the perfusion chamber through gas-tight steel Falcon plastic tissue culture dishes were from Bectoncapillaries. Under standard conditions cells were exposed Dickinson (Heidelberg, Germany); fura-2-AM was from to anoxia at pH 6.4 for 40 min followed by 30 
. Results
change at the onset of reperfusion, we also performed experiments with a continuation of low pH during reoxEndothelial monolayers were exposed to 40 min anoxia ygenation (Fig. 2) . Continued acidosis had no influence on in acidotic medium (pH 6.4), to simulate in part ischemic reoxygenation-induced gap formation but augmented the o 21
conditions, and were then reoxygenated at physiological Ca overload during reoxygenation. Control experiments, pH 7.4, to simulate reperfusion conditions. Anoxic endothelial cells developed cytosolic Ca overload during anoxia, as determined by the increase in ratio During reoxygenation, changes in energy supply con- 21 ditions influenced the progression in cytosolic Ca overload (Fig. 3) . When reoxygenation was performed in presence of glucose (control conditions), the additional rise 21 21 in cytosolic Ca was only moderate. Ca rise during reoxygenation was enhanced in absence of glucose or when the inhibitor of oxidative phosphorylation NaCN was 21 applied. The largest increase in postanoxic Ca overload was observed when glucose was absent and NaCN present. 21 In this case a doubling of the end-anoxic Ca level was observed within 30 min reoxygenation. Under the same variation of reoxygenation conditions the enlargement of gaps was monitored (Fig. 4) . The changes in gap size were not related to the variations in 21 Ca overload. Reoxygenation-induced gap formation was largest in presence of glucose and with an active oxidative phosphorylation system (control conditions), lower when glucose was withdrawn or NaCN was added. The reoxyge- ments, *P,0.05 versus end-anoxic value. 21 Ca overload during the reperfusion period, (ii) energy production and (iii) MLC kinase activation. Together these findings indicate that reoxygenation-induced gap formation is due to an activation of the endothelial contractile machinery. We showed before that conditions of simulated ischemia 21 cause a rise in cytosolic Ca and an increase in barrier permeability in endothelial monolayers [1, 11] . Cytosolic 21 21 Ca rises in two phases: a first steep rise is due to Ca release from the endoplasmic reticulum and a second due 21 to 18, 19] . This is due to the opening of intercellular gaps, i.e., of paracellular passageways for water, solutes and macromolecules. Under ischemic conditions hyperpermeability of endothelial monolayers develops in two phases: a first rapid rise in permeability is due to activation of the endothelial contrac- were also observed during the initial period of simulated ischemia. It was also consistent with previous work that 21 the cytosolic Ca overload resulting from ischemic developed during anoxia were not reversed within the 30 conditions is not readily reversible upon simulated reperfu-21 min reoxygenation period. Elevation of Ca overload sion conditions, i.e., within 30 min reoxygenation and during the reoxygenation period, beyond the level seen re-normalization of extracellular pH. In fact, reoxygenation 21 under control reoxygenation conditions, did not enhance was found to aggravate Ca overload, as evident when reoxygenation-induced gap formation. reoxygenated cells were compared with cells under conIn order to test the contribution of MLC kinase in tinued anoxia. The renormalization of extracellular pH reoxygenation-induced increase of intercellular gaps, the during reoxygenation was not the cause for this effect, 21 specific inhibitor ML-7 (5 mM) or the structurally different since reoxygenation at lower pH enhanced Ca overload inhibitor, wortmannin (1 mM) were applied. With use of even further. 21 the MLC phosphatase inhibitor cantharidin (10 mM), the Reoxygenation conditions not only increased Ca efficacy of 5 mM ML-7 or 1 mM wortmannin was first overload but also gap formation. As this aggravation could tested in normoxic endothelial monolayers. Addition of be modified by a variation of the reoxygenation conditions, cantharidin caused a rise relative to the small normoxic it must be elicited by a factor or a combination of causes gap size to 5076121%; n55; P,0.05 versus controls.
induced by the simulated reperfusion conditions. In other This was suppressed by simultaneous additions of ML-7 to words, aggravation of gap formation represents reperfusion (18566%) or wortmannin (116625%). In reoxygenated injury. Since reoxygenation at pH 6.4 produced the same monolayers presence of ML-7 or wortmannin markedly increment in gap formation as reoxygenation at pH 7.4, the reduced the rise in gap formation indicating an inchange in extracellular pH associated with reoxygenation volvement of MLC kinase (Fig. 6) .
conditions is not one of the triggering factors for this form of reperfusion injury (not a 'pH paradox'). The changes in cell shape developing during reoxygena- In coronary endothelial monolayers we investigated the in normoxic media, the Ca overload after 30 min mechanism by which opening of intercellular gaps is reperfusion was already in the saturation range. A further 21 induced by reoxygenation. The main findings were that increment in cytosolic Ca overload during reoxygenation reoxygenation-induced gap formation is dependent on (i) was without effect on reoxygenation-induced gap forma- 21 tion. Buffering of intracellular Ca during reoxygenation R eferences prevented reoxygenation-induced gap formation. was further increased when energy production during
